Introduction
Drought is an extreme event that happens periodically mostly because of precipitation deficit. Other climatic variables may also contribute to drought occurrence, e.g., temperature, wind, relative humidity and precipitation timing. Drought is considered to be part of the hydrologic cycle since it has devastating impacts on water components such as water supply, water quality, crop yield, surface and subsurface water availability and management of water resources [1] [2] [3] [4] [5] . Moreover, drought has a substantial impact on agricultural and economic sectors [6, 7] .
Drought is generally categorized to four types including: (1) Meteorological drought which is primarily related to precipitation deficit [8] [9] [10] ; (2) Agricultural drought which is mainly related to soil moisture shortage [11] [12] [13] [14] [15] ; (3) Hydrological drought which is associated with surface and subsurface water shortfall [16] [17] [18] [19] [20] [21] [22] ; (4) Socioeconomic drought which is related to a deficiency in the water resources system as a result of the other drought types [1, [23] [24] [25] . The aforementioned drought types constitute the same process but under distinct phases as a function of time and location [26] . Since the prolonged meteorological drought is considered as the main factor for the occurrence of other types of drought like the agricultural and socioeconomic droughts [27] , monitoring meteorological drought may be a preliminary but useful investigation for understanding drought over a certain region.
Several studies have shown that global warming and climate change will aggravate the consequences of drought [28] [29] [30] . Dai [30] argued that the atmospheric demand of moisture has increased with the current warming and it has probably changed the atmospheric circulation patterns, which contributes to drought. Mishra and Singh [31] stated that the rate of global warming has experienced an increasing trend in the past 25 years resulting in an overall increase of extreme events.
Many meteorological drought indices are available in the literature. For example, the Palmer Drought Severity Index (PDSI) [32] , the standardized precipitation index (SPI) [33] and the standardized precipitation-evapotranspiration index (SPEI) [34] . Some of these indices, e.g., SPEI or PDSI, account for water balance by incorporating the precipitation and evapotranspiration anomalies and some others are precipitation-based drought indices, e.g., SPI [9] . The PDSI needs calibration to be used in different regions and it can be calculated at fixed time-scales of 9-12 months [34] , whereas the SPEI provides the multi-scalar feature. Cook et al. [29] showed that the SPEI is more sensitive to the potential evapotranspiration (PET) than the PDSI in arid regions, e.g., the Sahara and Middle East. Also, Zhang et al. [21] explained that estimating water demand based on PET over arid and semi-arid regions may be unrealistic. Therefore, estimating water demand and also drought quantification can be enhanced by considering PET, runoff and soil moisture [21, 22] .
Numerous studies have investigated meteorological drought at global scale as well as national or regional scales. For global scale, Dutra et al. [35] presented a probabilistic meteorological drought monitoring methodology based on The European Centre for Medium-Range Weather Forecasts (ECMWF) probabilistic forecasts estimating the SPI. Mo and Lyon [36] applied the North American Multi-Model Ensemble (NMME) to predict the global meteorological drought using the SPI. In another study, the self-calibrated Palmer drought severity index with the Penman-Monteith potential evapotranspiration (sc_PDSI_pm) was examined under a low-moderate emissions scenario to analyze the magnitude and key drivers of global drought changes in the twenty-first century [37] . Stagge and Tallaksen [38] compared the SPEI with the SPI over Europe to address the differences among them and to investigate the sensitivity of the SPEI to different potential evapotranspiration (PET) methods. A study by Hoerling et al. [39] assessed droughts in the Mediterranean region by applying global climate models. They showed that drying conditions widely spread from the Atlantic coast to the Middle East during the period of 1971-2010 compared to . In addition, they found that drought frequency has increased after 1970 along with a change toward drier conditions during the cold-season precipitation in the Mediterranean region for the period of 1902-2010. Gleick [40] showed that since 2008, drought frequency and intensity have changed over the eastern Mediterranean region.
Drought has been a characteristic of the Middle East climate [6] . A study in the Eastern Mediterranean and the Middle East (EMME) by Lelieveld et al. [41] showed that the Middle East region is likely to be highly impacted by climate change resulting in more intense and frequent droughts. Iraq, as one of the Middle East countries, has recently experienced drought [42] . Several researchers have studied drought over Iraq [43] [44] [45] [46] . AL-Timimi and AL-Jiboori [46] assessed the spatial and temporal changes in drought over Iraq using the SPI for the period of 1980-2010. They found that drought has deteriorated from normal to extreme levels over Iraq during the period of 2000-2010 and 2008 was the driest year. Another study by Robaa and Al-Barazanji [47] showed that after 1995, the rising trend of the annual mean temperature over Iraq is about 0.5 • C/decade. Eklund and Seaquist [45] investigated agricultural drought using the enhanced vegetation index (EVI) in the Duhok Governorate, Iraqi Kurdistan. Their results indicated about 50% decrease in precipitation over the region leading to a 62% reduced vegetated area in 2008. Al-Faraj and Al-Dabbag [43] investigated the combined effects of basin-wide multi-year drought and upstream human-induced activities on the development of the Diyala river basin shared between Iraq and Iran. Recently, a drought analysis was conducted to inspect the Euphrates-Tigris basin located in Iran, Turkey, Iraq and Syria using the SPI drought index [44] . They found that Syria has faced the most severe and frequent droughts in the past 15 years.
The intention of the present study is to utilize a multi-scalar climatic drought index sensitive to global warming (the standardized precipitation evapotranspiration index; SPEI) to study drought over Iraq while addressing the effects of temperature variability on drought. The potential evapotranspiration is calculated using the Thornthwaite method (temperature-based) [48] as an estimate for the water demand in the region. While other studies focused on some parts of Iraq, the current study covers the entire Iraq and investigates several main spatiotemporal characteristics of drought for the period of 1948-2009.
Materials and Methods

Study Area and Data
Iraq is located in the southwestern Asia and covers about 435,000 km 2 . A large area of the country is arid and semi-arid regions. Most of the topography is broad plains and the mountains spread in the north and northeastern regions (along the border with Turkey and Iran) (Figure 1 ). The climate of Iraq varies to be continental and subtropical. Winters tends to be cold (below freezing) with relatively low and uneven precipitation. Precipitation occurs between October and May with higher precipitation amounts falling between December and February. The mean annual precipitation over Iraq is about 154 mm [49] . However, 60% of the country receives less than 100 mm/year (southern parts of Iraq) whereas the mountains regions (north-eastern parts of Iraq) receive the highest amount of precipitation up to 1200 mm/year [49] . Summers are dry, hot in the northern parts and extremely hot (higher than 48 • C) across the rest of Iraq. Spring and fall are very short in Iraq.
Most of the agriculture in Iraq depends on irrigation because of the dry climate, except for the northeastern parts (mountains region) where the rain-fed agriculture is practiced. The Tigris and Euphrates rivers are the main sources of water in Iraq. The two rivers originate from Turkey and enter Iraq from the north and west borders with Turkey and Syria ( Figure 1 ). The Tigris watershed area is about 371,562 km 2 that surrounds about 38% of Iraq. The Euphrates watershed is about 579,314 km 2 and covers about 49% of Iraq [49] . Recently, the amount of water in both rivers has decreased substantially as a result of drought and dam constructions [6] .
The Global Land Data Assimilation System Version 2 (GLDAS-2) monthly data with a 0.25 • spatial resolution is used in this study [50] . The components of GLDAS-2 are the GLDAS-2.0 that is forced entirely with the Princeton meteorological forcing data and the GLDAS-2.1 that is forced with a combination of model and observation-based forcing datasets. For this study, the monthly precipitation and temperature data were extracted and utilized for 62 years historical period of January 1948 to December 2009. 
Methodology
Standardized Precipitation Evapotranspiration Index
The standardized precipitation evapotranspiration index (SPEI) is a multi-scalar drought index which was introduced by Vicente-Serrano et al. [34] . The SPEI is a well-received drought index, which considers two climatic information: precipitation (P) and potential evapotranspiration (PET). The SPEI estimates water deficiency (D) by considering the difference between the monthly precipitation and potential evapotranspiration (P-PET). The water deficit (D) is the parameter used to explain drought. SPEI is a standardized index that can be calculated at different timescales.
In this study, the accumulation period for SPEI is set to 12 months as an intermediate to long-term analysis. In order to calculate PET, different procedures can be adopted. PET equations can be classified as temperature-based, radiation-based and a combination of both [51] . Four of the most common PET methods are Penman-Monteith (PM) [52] , Priestley and Taylor [53] , Hargreaves [54] and Thornthwaite [48] . The Penman-Monteith method (PM) is known as a temperature-radiation based method and is considered the standard method for PET estimation by the International Commission on Irrigation and Drainage (ICID), the Food and Agriculture Organization of the United Nations (FAO) and the American Society of Civil Engineers (ASCE). The simple version of (PM) method is the Priestley-Taylor [55] . However, both methods require at least climate data of daily average surface temperature, daily min/max surface temperature and wind speed [51] which are not available with acceptable accuracy for the study region. Nonetheless, Hargreaves and Thornthwaite method are simple methods that are commonly used, as they only require the temperature to calculate PET. Some of the previous studies have indicated that the use of different PET techniques does not show a remarkable effect on drought assessment [56] [57] [58] [59] . Mohammed and Scholz [59] mentioned that there are no significant differences of using different PET approaches at low elevations and large time scales of 12 months and above. However, this might not be the case for small periods (e.g., 3, 6 and 9 months) and especially in mountainous regions. Beguería et al. [8] showed that estimating drought indices using different PET methods is still questionable. They also found that using different PET methods to estimate the SPEI series could be significantly larger in semi-arid regions and smaller in humid regions.
Thornthwaite method as described by Vicente-Serrano et al. [34] is applied here for 0 ≤ T ≤ 26.5 • C as shown in Equation (1):
where T is the monthly mean temperature in • C; I is a heat index, which is calculated from the sum of 12 monthly index values i, which is derived from the mean monthly temperature; K is a correction coefficient as a function of the month and latitude; and m is a coefficient depending on I. For T ≥ 26.5 • C, PET is determined directly from temperature as shown in Equation (2) [60, 61] :
In other words, the relationship between PET and T in hot weather is independent of the overall cold or warm conditions of the annual climate [62] .
By calculating PET, the water deficit (D) is calculated for the month i using the formula:
To calculate the SPEI-12, a monthly time-series of water deficit (D) is accumulated to 12 months (starting from each month of the year) and then fitted to a probability distribution function. Choosing the most proper distribution for the water deficit is not an easy task and there is a discrepancy among the suggested distributions in different studies [34, 51] . Several studies have focused on frameworks for calculating standardized drought indices and the methodology to calculate the indices have advanced over time. For instance, Stagge et al. [63] demonstrated that the optimal distribution for standardization may vary for different regions. Touma et al. [64] carried out analyses on several drought indices and they also reported varied candidate distributions for different locations. In recent years, more attention has been given to the non-parametric approaches (e.g., Huang et al. [65] ). The calculated drought index value was subject to the chosen distribution in the conventional distribution fitting approaches and it was unbounded resulting in very high or very low values, which could affect long-term trends. The non-parametric approach relaxes such issues of the conventional methods and removes the subjectivity in the calculations [7] . Therefore, a non-parametric approach is more practical to use and more suitable for this study since the focus is on all drought types and not only the extreme drought [10] . In this study, the empirical Weibull plotting position [66, 67] is used as a non-parametric approach as shown in Equation (4):
where n is the sample size, i is the rank of data from the smallest and p(x i ) is the empirical probability. The final step for obtaining the SPEI is to standardize the outcomes of Equation (4) as shown in Equation (5):
where φ is the standard normal distribution function and p is the empirical probability from Equation (1). The procedure is applied separately for each month for 692 grid cells covering Iraq. SPEI is then classified into seven categories ranging from extreme drought to extreme wet condition as shown in Table 1 . The following drought characteristics are studied in this study:
Spatial extent of drought is assessed by calculating the ratio of the number of grids experiencing a certain type of drought (e.g., moderate, severe and extreme drought) to the total number of grids across Iraq. The linear trends of drought intensity are detected for each grid according to SPEI during 1948-2009. Number of drought events is investigated over Iraq during . A drought event is defined when the SPEI falls below −1 (moderate drought condition or worse) and stays within dry threshold for more than two months. Similar procedure has been utilized in previous researches to assess drought frequency (e.g., Ahmadalipour et al. [10] and Van Loon, A. F. [68] ). Drought duration is defined for each grid as the accumulative period of dry months experiencing each of the three types of drought (i.e., moderate, severe and extreme). Therefore, drought duration refers to the total duration of dry period. Since the duration of droughts would vary a lot among different locations and drought events, the focus in this study is on the total drought duration. Lastly, the decadal spatiotemporal variations of PET and P are investigated over Iraq to better understand the effects of these two variables on drought.
Results
Spatial Extent of Drought
Time series of decadal drought extent over Iraq is calculated for the three types of drought: moderate, severe and extreme and the results are shown in Figure 2 . As it can be seen, the decadal patterns vary towards greater drought extent in the late 1990s and the 2000s. Unlikely, the other decades (1950s, 1960s, 1970s and 1980s) show lower drought extent, which is usually moderate drought covering at most 83.5% of area in the late 1950s with no extreme drought. However, severe drought reaches its maximum in the late 1990s with about 87% drought extent recording the worst drought in Iraq by the end of the 20th century. The 2007-2008 period seems to be the worst drought with about 55-82% of Iraq experiencing extreme drought. To better understand the changes in the spatial extent of drought, the probability of SPEI drought extents are plotted for each drought type using the empirical CDF (Figure 4 ). To generate Figure 4 , the time series of drought extent for each drought class is extracted for each period and the cumulative probability distribution (CDF) of drought extent is obtained for each case. The stars refer to the drought extent at the 90th percentile chosen to compare the drought extent of each class between the two periods. In Figure 4 , the empirical CDF is presented for two periods of 1948-1997 (wet period) and 1998-2009 (dry period) and the change in the distribution of drought extent is investigated. For the wet period, moderate drought governs about 25% drought extent at the 90th percentile, while severe drought is about 2.5% at the 90th percentile along with no extreme drought. However, the change of probability during the dry period (1998-2009) is more significant and indicates serious drought conditions over the region. Severe drought condition covers an area of about 68% at the 90th percentile. Moderate and extreme droughts show drought extents of about 51.1% and 29.4% at the 90th percentile, respectively. 
Trends of Drought Intensity
Understanding the changes in drought intensity is another important step in drought analysis. Therefore, the trends of drought intensity are detected over Iraq according to the SPEI-12. Figure 5 shows the linear trend of SPEI for each grid cell during the study period . A negative trend indicates a decrease in the SPEI and therefore, an aggravation in drought intensity. For example, a trend value of −0.01 indicates that SPEI has decreased about 0.62 during the past 62 years (0.01 × 62 = 0.62) and therefore, drought has intensified. From Figure 5 , all the grids across Iraq indicate a slightly negative trend for SPEI (intensification of drought). The most intensified drought trend of −0.0026 is detected mostly over the mid-west parts of Iraq indicating that SPEI has decreased about 0.16 during the past 62 years. However, the trends are not significant over the other parts of Iraq. 
Frequency of Drought
The number of drought events are investigated for each grid for the study period of 1948-2009 and the results are shown in Figure 6 . Figure 6 shows the drought occurrence to be more frequent at the western, central and southeastern parts of Iraq. However, the northern and southern parts indicate less frequent drought. 
Duration of Drought
Drought duration is calculated at a monthly timescale for three types of drought, i.e., moderate, severe and extreme, for the period of 1998-2009 and the results are shown in Figure 7 . At last, an assessment is carried out by focusing on Iraq as a whole and by generating the time series of the spatially averaged SPEI-12 over Iraq. To do so, the monthly precipitation and temperature data are spatially averaged over Iraq for each month in the study period ) and the PET and water deficit (D) are calculated for the spatially averaged data to represent the entire Iraq. Then, SPEI-12 is calculated providing a general idea about the fluctuations of dry and wet conditions across Iraq. Figure 8 shows the spatially averaged SPEI results for seven different conditions ranging from extremely wet (dark-blue color) to extremely dry (red color). The SPEI indicates a substantial decreasing trend (drying pattern) over Iraq. In the late 1950s, severe and moderate drought have occurred with the lowest SPEI values of −1. 
Discussion
Many regions in the Middle East have faced serious drought-related challenges in the 21st century, e.g., deficiency of precipitation, lack of irrigation water and diminished water storage [6] . Iraq is one of the Middle East countries that has also been facing serious drought conditions [41] . Therefore, questions may arise about the contribution of the climatic variables in drought occurrence in the region.
In this study, the SPEI was employed to study drought. SPEI accounts for variations in PET and precipitation (P). The literature has proposed the application of PM method for SPEI calculation when data availability is not a limitation, while the Thornthwaite method can be used as an alternative when data is limited [8] . Some studies have discussed that in arid regions, the potential evapotranspiration does not perfectly correlate with the actual evapotranspiration and therefore, the water demand of the SPEI may not accurately capture drought condition [21] . Although it is true for short timescales and flash droughts, researchers have demonstrated that the SPEI correlates with hydrologic drought and streamflow condition at longer timescales [34] . For instance, McEvoy et al. [69] evaluated multiscalar drought indices across Nevada and eastern California and they concluded that SPEI correlates well (correlation coefficient over 0.7) with standardized streamflow at 12 month timescale for most of the studied regions.
In the present study, PET depends on temperature and thus SPEI can be affected indirectly by temperature and directly by PET and P [10] . Therefore, it is of high importance to understand the contribution of these factors on drought. The decadal variations of annual PET and P for the period of 1950-2009 are shown in Figure 9 . From Figure 9 , PET has increased dramatically in the 1990s and 2000s with the highest PET values of 1349 mm/year and 1374 mm/year, respectively. The increase in PET is found mostly at the central, eastern and southeastern parts of Iraq. These findings are correspondent to drought characteristics results of this study. For instance, drought extent has significantly increased in the late 1990s and most of the 2000s. Furthermore, the spatial pattern of drought frequency ( Figure 6) is reasonably similar to PET. Likewise, PET variation is consistent with drought duration results, especially for moderate and severe drought conditions (Figure 7) . From Figure 9 , precipitation has decreased noticeably in the northern and northeastern parts of Iraq (the mountains region) and slightly over the rest of Iraq. The lowest amount of precipitation is found during the 1970s and 2000s, i.e., the mean precipitation of 539 mm/year in 1970s and 545 mm/year in 2000s were recorded in northern part of Iraq. To better understand the impact of each climate variable on drought, the long-term trends of precipitation, temperature and PET are calculated at a monthly timescale and the results are shown in Figure 10 . From Figure 10 , precipitation has decreased in the northern parts pf Iraq. However, temperature has increased over the region mostly on the eastern part of Iraq. Most of Iraq has experienced increasing PET especially in the mid-west parts of Iraq.
Shubbar et al. [70] reported that precipitation has decreased over Iraq and it has been accompanied by very high temperature and dust storms especially in summer when temperature higher than 45 • C has been recorded in Baghdad city (the capitol of Iraq) and the southern parts of Iraq. Furthermore, Hoerling et al. [39] showed that the winter precipitation has changed toward drier conditions during the period of 1902-2010 in the Mediterranean region. They explained that after 1970, the drought occurrence has become more frequent over the region. The analysis of precipitation variations of this study ( Figure 9 ) is in accordance with the findings of previous studies, i.e., the decrease in precipitation has occurred in the 1970s over Iraq.
The results of this study revealed a significant drought worsening across Iraq during the period of 1998-2009 versus a mild increase in drought extent for the period of 1948-1997. Gleick [40] reported that the Middle East and North Africa (MENA) region might experience temperature increase and precipitation decrease resulting in worse drought conditions in future.
In this study, two periods of severe drought during 1998-1999 and 2007-2008 were identified over Iraq droughts covered about 87% and 82% of Iraq in those periods respectively. These results are in accordance with the UNESCO report results where the results of SPI-12 showed a significant increase in drought severity during the period of 1999-2011 recording two significant drought years of 1999 and 2008 [42] . Several other studies over Iraq and the Middle East region have also found similar results. Al-Faraj and Tigkas [71] found that Diyala river basin has suffered from lack of precipitation along with higher temperature and potential evapotranspiration during the multi-year drought periods of 1999-2001 and 2008-2009 . A study by AL-Timimi and AL-Jiboori [46] showed that the years 1983, 1990, 1998-2001 and 2007-2009 are the dry years over Iraq and considered years 1999 and 2008 as the driest years according to the SPI drought index. They also mentioned that all drought types occurred increasingly and reached the highest levels during the period of 2000-2010. Moreover, using GRACE it was found by Longuevergne et al. [72] that the Total Water Storage (TWS) in the Tigris-Euphrates basin declined by about 93 km 3 during the drought period of 2007-2009 in the region. Voss et al. [73] studied the groundwater depletion using GRACE satellite mission in the north-central part of the Middle East.
They also concluded that during the period of 2003-2009, the groundwater usage in Iraq increased due to drought and surface water shortage in the region.
Results of this study showed that drought has become more intense at the central and southwestern parts of Iraq compared to the northern and southeastern parts. Meanwhile, more frequent drought has been experienced at the western, central and southeastern parts of Iraq. In terms of drought duration, moderate drought has been experienced with the longest duration of up to 56 months at the northeastern and southwestern parts of Iraq for the period of 1998-2009. Whereas severe and extreme droughts occurred with the duration of about 30 and 12 months, respectively.
Conclusions
This study investigated meteorological drought over Iraq during the period of 1948-2009 using a 0.25 • reanalysis dataset (GLDAS-2). Four major drought characteristics including drought extent, intensity, frequency and duration were assessed using the SPEI-12 drought index. The main conclusions are summarized as follows:
• A drying trend is detected over Iraq with severe to extreme drought conditions governing the first decade of the 21st century.
•
The worst drought condition has occurred during 2007-2008 when severe and extreme drought covered about 25% and 60% of Iraq, respectively.
The intensity of drought has exacerbated during the past decades, with the most aggravation happening in the central regions of Iraq.
• Droughts are found to be more frequent but shorter at the western, central and southeastern parts of Iraq.
In this study, the historical data were used to investigate various drought characteristics across Iraq. However, climate change is expected to have considerable effects on future drought. Therefore, assessment of future drought conditions using Global Climate Models (GCMs) is of high importance for Iraq, which can be further studied over the region.
